The anaerobic biodegradation of naphthalene (NAP) and phenanthrene (PHE) was investigated by using sediment collected from the Arthur Kill in New York/New Jersey harbor. The initial cultures were composed of 10% sediment and 90% mineral medium containing 20 mM sulfate. Complete loss of NAP and PHE (150 to 200 M) was observed after 150 days of incubation. Upon refeeding, NAP and PHE were utilized within 14 days. The utilization of both compounds was inhibited in the presence of 20 mM molybdate. Polycyclic aromatic hydrocarbons (PAHs) are widely distributed in the environment through their presence in coal and petroleum and through their formation during combustion. Some PAHs are mutagenic and/or carcinogenic (3) and are considered priority pollutants; these include naphthalene (NAP), phenanthrene (PHE), and pyrene (23). One of the limitations of PAH biodegradation is the low water solubility of these compounds, e.g., 32, 1, and 0.1 ppm for NAP, PHE, and pyrene, respectively, hence limiting their bioavailability. Many aerobic bacteria capable of PAH degradation have been isolated and characterized (3). Their biochemistry and genes coding for key reactions are actively being investigated (11, 19) . Much less is known, however, about their fate in the absence of oxygen. Their presence in anoxic estuarine sediments (18) suggests that little if any degradation takes place.
Polycyclic aromatic hydrocarbons (PAHs) are widely distributed in the environment through their presence in coal and petroleum and through their formation during combustion. Some PAHs are mutagenic and/or carcinogenic (3) and are considered priority pollutants; these include naphthalene (NAP), phenanthrene (PHE), and pyrene (23) . One of the limitations of PAH biodegradation is the low water solubility of these compounds, e.g., 32, 1, and 0.1 ppm for NAP, PHE, and pyrene, respectively, hence limiting their bioavailability. Many aerobic bacteria capable of PAH degradation have been isolated and characterized (3) . Their biochemistry and genes coding for key reactions are actively being investigated (11, 19) . Much less is known, however, about their fate in the absence of oxygen. Their presence in anoxic estuarine sediments (18) suggests that little if any degradation takes place.
There is an increasing number of investigations of anaerobic degradation of PAHs, mainly the two-ring PAH NAP. NAP loss was observed under nitrate-reducing conditions (1, 2, 6, 21, 24) , under methanogenic conditions (7, 26) , and under sulfatereducing conditions (30) . Langenhoff et al. (21) and Coates et al. (4, 5) recently reported that tracer amounts of [ 14 C]NAP were mineralized in sediment columns and sulfate-fed microcosms, respectively. Only the latter study, however, also provided evidence that degradation is coupled to sulfate reduction. At present, no anaerobic transferable enrichment has been reported, nor has an anaerobic PAH-metabolizing pure culture been isolated, and there are no reports indicating possible intermediates or proposed pathways of anaerobic biodegradation of PAHs.
In this report, we describe two highly enriched transferable consortia capable of mineralizing 100 to 200 M NAP or PHE under sulfate-reducing conditions. We also show that the utilization of NAP and PHE is coupled to sulfate reduction and that carboxylation is an initial key reaction of NAP and PHE metabolism in the absence of oxygen.
MATERIALS AND METHODS
Culture preparation and PAH stocks. The sediment used in this study was collected from Arthur Kill (AK), in the New York/New Jersey Harbor Estuary, which is heavily contaminated with PAHs and other components due to the large volume of chemical and petroleum commerce within the region (12, 18) . To collect the sediment, a gravity core sampler supplied with plastic core liners was used. The cores were then capped with butyl rubber stoppers. They were transported on ice and refrigerated until used.
To prepare the PAH substrate stock, each individual PAH was weighed and dissolved in 2 ml of pentane. The PAH solution was then mixed with weighed and dried AK sediment to reach a final theoretical concentration of 40 mol per g of dry sediment. The actual concentration in the stock varied somewhat due to loss during preparation. The pentane in the mixture was evaporated under vacuum. The dry sediment containing the sorbed PAH was used as the PAH stock.
The sulfate-reducing medium used for this study has been described previously (27) 12 ), 50 mg of p-aminobenzoic acid, and 50 mg of thiotic acid. The medium was buffered at pH 7.2 by the addition of 50 mM bicarbonate, which was equilibrated with 30% CO 2 -70% N 2 . A total of 10% (wet weight) of the sediment was used as the inoculum, and mineral medium made up the remaining volume. Then 0.5 g of the PAH stock and 100 ml of the medium slurry were transferred to serum bottles (160 ml), which were used as culture vessels. The bottles were sealed with Teflon-coated rubber stoppers and aluminum crimp-seals. The cultures were incubated without shaking in the dark at 30°C. Strict anaerobic techniques were used throughout all steps of the culture preparation.
Later subcultures and transfers were made into the same medium with 10% clean sediment collected from a local pond on campus. 14 CO 2 produced from radiolabeled PAH was trapped in the scintillation cocktail (Oxosol C 14 ; National Diagnostics, Atlanta, Ga.) through a CO 2 -trapping system (22) . The gas phase of a sample bottle was vented through a needle to which tubing was attached and connected to a series of three vials containing the scintillation cocktail. Collection of 14 CO 2 was initiated by the injection of 3 ml of 6 N HCl to the sample bottle prior to flushing with nitrogen gas. The bottle was shaken periodically during nitrogen flushing, which lasted for 20 min. A 0.5-ml aliquot of sediment slurry was then withdrawn and injected into a scintillation vial contained 10 ml of Ready Safe liquid scintillation cocktail for determination of the radioactivity remaining in the sample slurry (Beckman, Fullerton, Calif.).
[ 13 C]bicarbonate test. Under anaerobic conditions, a 60-ml active enrichment was washed with a phosphate-buffered medium (20 mM and pH 6.8) to deplete the HCO 3 Ϫ and CO 2 in the original medium. The cells and sediment were centrifuged (GS-6 centrifuge; Beckman) for 10 min at 2,500 rpm. After the supernatant was removed, the phosphate-buffered medium was added to suspend the precipitated sediment by vortexing and hand-shaking. The gas phase was replaced by nitrogen gas (100%). The washing cycle was repeated three times with 100, 100, and 50 ml of the phosphate-buffered medium. The washed slurry culture was then divided into four aliquots of 12 ml of slurry each. Into two of the bottles, [ 13 C]bicarbonate ( 13 C, 99%; Cambridge Isotope Laboratories, Inc., Andover, Mass.) solution was injected to reach a final concentration of 6.3 mM. Into the other two bottles, unlabeled bicarbonate solution was added to the same final concentration of 6.3 mM. One bottle from each set of duplicates was autoclaved for 30 min at 120°C. All the bottles were incubated for 2 days at 30°C, at which time high-pressure liquid chromatography (HPLC) revealed the accumulation of 2-naphthoate (2-NA) in the active cultures. The HPLC detection limit for 2-NA was 0.2 M.
GC analysis. For routine determination of the PAHs, a 0.75-ml sample of slurry from a well-mixed bottle was pipetted into a 2-ml vial containing 0.75 ml of hexane with 0.4 mM biphenyl as an internal standard. The culture vessel was flushed with anaerobic gas before being resealed. The 2-ml vials containing the samples were placed on their sides and shaken overnight on a shaker. The sample vials were then centrifuged and analyzed by gas chromatography (GC) (5890 series II chromatography apparatus; Hewlett-Packard, Wilmington, Del.) with a flame ionization detector and an autosampler (Leap Technologies, Chapel Hill, N.C.). The GC column was 30 m long and 0.32 mm in inner diameter with phase DBVAX film thickness of 0.25 m (J&W Scientific, Folsom, Calif.). A 2-l hexane sample was injected automatically. The injector temperature was 280°C, and the column temperature started at 160°C, increased to 250°C at 25°C/min, and was held at 250°C for 5 min.
HPLC analysis. For the analysis of polar compounds and metabolites, HPLC was performed in an HPLC apparatus (Beckman) with an autosampler (Gilson Medical Electronics, Inc., Middleton, Wis.). A well-mixed 0.5-ml slurry sample was taken and mixed with 0.5 ml of 95% ethanol in a microcentrifuge tube. After vortexing and centrifugation, the supernatant was used for analysis. Methanol, water, and acetic acid in a ratio of either 80:19:1 or 60:38:2 were components of the eluting solvent flowing through a reverse-phase C 18 column (Ultrasphere C-18 column; Beckman) and UV detector (280 nm).
Metabolite analysis by GC-MS. A slurry culture was centrifuged, and the supernatant was transferred to a 60-ml serum bottle and acidified with 1 ml of 6 N HCl. Then 12 ml of pentane was added to the bottle, which was shaken and centrifuged. The pentane phase was transferred to a 13-ml serum bottle and evaporated under vacuum. The pentane extraction process was then repeated. The crystallized extract was solubilized in 1 ml of pentane, transferred to a 2-ml vial, and dried under vacuum. The extract in the vial was solubilized in either 0.1 ml of pyridine or 0.1 ml of methylene chloride and derivatized with 0.1 ml of BSTFA-0.1% TMS (Sigma Chemical Co.) at 60°C for 30 min. The derivatized sample of 1 to 2 l was then subjected to GC-mass spectrometry (MS) by being injected into a Hewlett-Packard 5890 series II GC coupled with a mass-selective detector (Hewlett-Packard 591 series). The column for the GC-MS analysis was 30 m by 0.25 mm (inner diameter) with phase DB-5MS film thickness of 0.25 m (J & W Scientific). The injector temperature was 280°C, and the column temperature started at 80°C for 1 min, increased to 300°C at 10°C/min for the metabolite from NAP or 15°C/min for the metabolite from PHE, and was held at 300°C for 2 min.
RESULTS
Enrichments capable of NAP and PHE degradation were established by inoculating 10% of the AK sediment into sulfidogenic media. Initial loss of NAP or PHE was observed between 120 and 150 days of incubation (Fig. 1) . After refeeding, the PAHs were utilized without a lag in less than 14 days (Fig.  1) , indicating the establishment of a microbiologically mediated process. Although only one refeeding is illustrated in Fig.  1 for clarity, this could be repeated numerous times in these cultures. The slight loss of NAP in the sterile controls is due to volatilization and loss of NAP vapor during sampling. Routinely, when 30 to 50% of the enrichments was transferred into new mineral medium, every 2 weeks for NAP and every 4 weeks for PHE, activity was maintained.
As shown in Fig. 2 , when molybdate, a specific inhibitor of sulfate reduction (25, 29) , was amended to a final concentration of 20 mM in the enrichment cultures, metabolism of NAP and PHE was inhibited. NAP and PHE, however, were degraded in less than 20 days in the active cultures without molybdate. Furthermore, in the absence of sulfate, no degradation takes place. As shown in Fig. 3 , almost complete loss of NAP was observed after 20 h of incubation in the cultures supplemented with 20 mM sulfate whereas no detectable loss of NAP occurred in the parallel cultures in which sulfate was absent. Metabolism of NAP and PHE, therefore, is coupled to and dependent on sulfate reduction in these mixed consortia.
Mineralization and conversion of NAP and PHE was determined with 14 C-radiolabeled substrates. the respective unlabeled PAHs (150 M). Parallel enrichments fed only unlabeled PAHs (150 M) were monitored for substrate loss, and the incubation (24°C) was stopped when the concentrations decreased to less than 1%. As seen in Table 1 most of the radioactivity (89 and 92%, for NAP and PHE, respectively) was recovered as carbon dioxide after the slurry samples were acidified and flushed with nitrogen gas. A small portion remained in the enrichments (4.1 and 5.3% for added NAP and PHE, respectively) and may be attributed to undegraded substrate or conversion to cell biomass.
To enhance the accumulation of the intermediate(s) of NAP metabolism, a series of NAP analogs was tested in the presence of NAP. As noted in Table 2 , three fluorinated benzoates and 1-fluoro-NAP enhanced the accumulation of an unknown compound, which was later identified as 2-NA by GC-MS. The concentration of 2-NA ranged from 0.5 to 6.1 M. The retention times for 1-NA and 2-NA are 10.16 and 10.41 min, respectively. Other compounds shown in Table 2 , as well as 1-chloro-NAP, 1-bromo-NAP, and 2-bromo-NAP, did not lead to the accumulation of any metabolites. The unknown peak was identified as 2-NA by its GC retention time and by comparison to trimethylsilyl (TMS)-derivatized standards. When deuterated NAP was amended in NAP-degrading culture, deuterated 2-NA was formed and identified by GC-MS (data not shown). The rapid and almost complete utilization of 2-NA by NAP-utilizing cultures (Table 2) , although not constituting proof, is consistent with its role as an intermediate of NAP metabolism. 1-Naphthol, 2-naphthol, and 1-NA were not readily utilized (Table 2 ) and were not detected in NAP-degrading cultures.
The formation of 2-NA from NAP strongly suggests that a carboxylation takes place. To confirm this, [ 13 C]bicarbonate was used after removal of the bicarbonate buffer. 
a The concentration of the tested analogs was 100 M and the NAP concentration was 150 M. Incubations lasted for 5 to 10 days, at which time NAP in the enrichment cultures fed only NAP was completely metabolized.
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culture with NAP and [ 13 C]bicarbonate. As noted in Fig. 4C , the molecular ion of m/e 245 and the ions of m/e 230 and 156 were all 1 mass unit larger than the corresponding ions of the 2-NA standard (Fig. 4A) and the 2-NA metabolite (Fig. 4B) , indicating that the 13 CO 2 was incorporated into NAP. The mass/charge, however, of the ions of m/e 185 and 127 are the same in all three panels because the Ϫ 13 COO and Ϫ 12 COO units have been removed from these fragmentation ions (28) .
The derivatized 2-NA was not detected in the sterilized sample supplemented with NAP plus either [ 12 C]bicarbonate or [ 13 C]bicarbonate, supporting the conclusion that the incorporation of CO 2 into NAP was microbiologically mediated. Some 2-NA with incorporated 12 CO 2 was also detected in the mass spectrum of the derivatized 2-NA from the sample with added [ 13 C]bicarbonate (m/e 244, 229, and 166) (Fig. 4C ) and is partially due to CO 2 -HCO 3 Ϫ carryover from the original slurry.
During routine incubation of the PHE-degrading enrichment cultures, a transient peak was detected by HPLC. GC-MS analysis of the derivatized extract from the culture identified the peak as a PHE carboxylic acid (PHE-CA). The standard available at the time was 9-PHE-CA, which had a GC retention time of 19.30 min. For the PHE-CA metabolite identified in the culture, the GC retention time was 19.86 min. Hence, although the metabolite is a PHE-CA and has been confirmed by GC-MS, it is not carboxylated in the 9 position. Figure 5 illustrates mass spectral data for [ 12 C]PHE-CA (Fig. 5A) and [ 13 C]PHE-CA (Fig. 5B) . The derivatized sample extracted from the culture with added [
13 C]bicarbonate (Fig.  5B) showed a peak with a molecular ion of m/e 295 and two fragmentation ions of m/e 280 and 206, 1 mass unit larger than those in the mass spectrum of the sample with added [
12 C]bicarbonate (Fig. 5A) . The fragmentation ions of m/e 235 and 177 are the same in both mass spectra due to the loss of the ϪCOO moiety during fragmentation. In the autoclaved sample supplemented with [
13 C]bicarbonate, no carboxylated PHE was observed.
DISCUSSION
NAP and PHE are largely insoluble in water. To provide the substrate to the cultures uniformly and to improve the access of the substrate to the microbes, NAP and PHE were distributed onto dry sediment, which was then used as the PAH stocks. The individual PAH was added to 150 or 200 M, which is an order of magnitude higher than the concentration used in other studies. Although more than 99% of added PAH was sorbed onto the sediment material, which made up 10% of the active culture, the large surface area on which the PAH was distributed may have contributed to the successful cultivation of these PAH-degrading enrichments.
Several lines of evidence for anaerobic biodegradation of the PAHs are presented. (i) Although the initial lag before detectable PAH loss was 120 to 150 days of incubation, the acclimated cultures degraded the PAHs without a lag upon refeeding and could be subcultured without loss of the degradation activities. The results of the [ 13 C]bicarbonate experiment provide strong evidence for the carboxylation of NAP. The product of the carboxylation was identified as 2-NA by the GC retention time of the 2-NA standard. 2-NA was also readily metabolized without a lag by NAP-adapted enrichments (Table 2 ). This is consistent with 2-NA being an intermediate. On the other hand, 1-NA was neither detected nor utilized in the NAPadapted enrichments. Carboxylation of NAP therefore appears to be specific for the 2-position.
It should be noted that for NAP, the net atomic charge of the carbon in the 2-position is the most negative (Ϫ0.0579) of all the carbons in NAP (e.g., carbon-1, Ϫ0.0414; carbon-3, essentially equivalent to carbon-2, Ϫ0.0576; and the two inner carbons, Ϫ0.0382 and Ϫ0.0386) (17) . This may help explain why the 2-position is the most susceptible to attack by a carboxyl group. If the same reasoning is applied to PHE, carboxylation is likely to occur in the 2-or 3-position, since these carbons are the most negatively charged (Ϫ0.0568 and 0.0582, respectively). Our data are consistent with this hypothesis. The GC retention times for the PHE-CA metabolite is different from that of the standard (9-PHE-CA), suggesting that carboxylation does not occur at the carbon-9 position.
Based on the results we presented here, the metabolism of NAP and PHE is summarized in Fig. 6 . NAP is first carboxylated to 2-NA, while PHE is most likely carboxylated on one of the outer ring carbons. Subsequent steps, which are unknown at this time, further metabolize the compounds to carbon dioxide.
To our knowledge, there are no reports of the anaerobically catalyzed carboxylation of PAHs. On the other hand, other aromatic compounds, such as, phenol, catechol, hydroquinone, and resorcinol, can be carboxylated by anaerobic bacteria (8-10, 14, 15, 31, 32) . Two kinds of carboxylations have been reported: (i) reversible decarboxylation of 4-hydroxybenzoate and 3,4-dihydroxybenzoate, which is not affected by avidin, an inhibitor of biotin-requiring carboxylation (2, 14, 15, 30, 31) ; and (ii) carboxylation which requires the consumption of energy, as reported in one study in which phenol is carboxylated to 4-hydroxybenzoate through a phenol phosphorylation (20) .
Carboxylation of PAHs leads to the formation of benzoatelike analogs, which are ideal substrates for further activation by coenzyme A ligation and subsequent aromatic ring reduction (13, 16) . PAH carboxylation supports the notion that reductive hydrogenation is possible only after the aromatic ring is destabilized or activated by some reaction such as carboxylation. Whether the carboxylated PAHs undergo similar sequential ring reduction and ring fission to that seen with benzoate under anaerobic conditions (13, 16) remains to be seen.
In summary, this report describes the establishment of two highly enriched, sulfidogenic consortia capable of mineralization of NAP and PHE, respectively. To our knowledge, this is the first documentation presenting evidence for the identification of intermediates of the anaerobic biodegradation of PAHs. This work furthers our understanding of the anaerobic microbial mechanisms mediating PAH metabolism. Successful isolation of the responsible microorganisms would advance this effort.
